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Life begins with a cell fusion event: the joining of gametes to generate a zygote. Such processes involve the conjunction of two separate membranes into a single lipid bilayer surrounding a larger multinucleate cell, in which the constituents of both cells are shared. While the function of cell fusion in fertilization is obvious, cell-cell fusion occurs in many developmental settings for reasons that are not immediately evident. Examples of such events include the fusion of trophoblast cells in mammalian embryos to form the placenta [1] , of myoblasts during myogenesis [2] , and of macrophages, resulting in their differentiation into osteoclasts [3] . The extensive studies of the development and anatomy of Caenorhabditis elegans have revealed the widespread occurrence of cell fusion: approximately one-third of all cells in this nematode, in very different tissue types -including the epidermis, the muscular feeding organ or pharynx, and the uterus -undergo cell fusion. The genetic manipulability of this animal made it possible to identify mutations in which all epidermal cell fusions are blocked. A recent study of eff-1 mutants [4] has shed light on the developmental role of cell fusions, and further work on the EFF-1 transmembrane glycoprotein may clarify the mechanisms by which membranes of juxtaposed cells undergo fusion.
Much of our understanding of membrane fusion has come from studies of extracellular viral fusion and intracellular vesicle fusion during membrane transport processes. Viral infection in animal cells generally requires fusion of the virus and host membranes, catalyzed by virally encoded transmembrane fusogenic proteins, such as the hemagglutinin protein of influenza virus. Hemagglutinin contains a coiled-coiled domain and fusion peptides that insert into the lipid bilayer of the host membrane. A drop in pH induces a conformational change that brings the two bilayers into close proximity, leading to their fusion and intermixing of bilayers [5] . A similar mechanism is used repeatedly throughout the secretory pathway during fusion of intracellular vesicles, mediated by the SNARE proteins: v-SNAREs on the vesicle and t-SNAREs on the appropriate target membrane pair to form a shared coiled-coil domain and subsequently undergo a conformational change that brings the membranes into close proximity ( Figure 1A ) [6] .
The mechanisms that direct fusion of cells are less well understood; however, genetic screens in yeast, Drosophila, and C. elegans have recently identified candidate molecules that control this process. The Drosophila dumbfounded (duf) and sticks and stones (sns) genes, both which encode membrane proteins of the immunoglobulin superfamily, function to allow founder myoblasts, the cells that initiate myotube formation, to recognize fusion-competent myoblasts and recruit them to the muscle syncytium [2] . The duf and sns genes are expressed in the founder and fusioncompetent cells, respectively. In either mutant fly, myoblasts express muscle-specific differentiation markers, suggesting that the cells are correctly specified and the defect is restricted to cell aggregation and fusion [2] .
In yeast, most of the mutations that block fusion during mating do not appear to be directly involved in membrane fusion. Genes required for zygote formation include FUS3, FUS5, FUS8 and STE6, which are involved in pheromone and prezygotic signaling, and SPA2, FUS6 and PEA1, which are involved in polarized cell growth, allowing a cell to reach towards its mating partner [7] . PRM1 encodes a transmembrane protein required for fusion, but it is unclear whether its role is in cell adhesion or fusion per se [7] . So although many genes required for membrane fusion in yeast and Drosophila have been identified, none has been shown to be directly involved in the fusion of lipid bilayers, and bona fide fusogens that direct cell-cell fusion have yet to be demonstrated.
Many studies into mechanisms that specify developmental cell fates in C. elegans have used cell fusion with the main epidermal syncytium as a landmark of a particular differentiated fate decision. The control points for these fusion events include intercellular signaling pathways -for example, in regulating vulval versus non-vulval cell fates through Ras-mediated signal transduction [8] -and transcriptional cascades that control the proper pattern of cell fusion among epidermal cell types. In the latter case, the Hox genes lin-39 and mab-5 specify epidermal cell fates along the body axis, in part by regulating cell fusion. The lin-39 gene prevents mid-body epidermal cells from fusing with the main body syncytium, while mab-5 functions in posterior cells to prevent them from fusing with syncytia in males [9] . The ELT-5/6 GATA transcription factors, which control differentiation of the lateral epidermal seam cells, block their fusion with the syncytial epidermis [10] . They also appear to mediate Hox/Ras-directed specification events during formation of the vulva, which prevent vulva progenitors from fusing, thereby allowing their development into a mating and egg-laying organ (our group's unpublished data). Although these regulatory factors are not specific to the process of cell fusion, and do not provide insights into the mechanism by which membranes fuse, identification of their regulatory targets may reveal direct mediators of cell fusion.
The recently reported eff-1 gene [4], in contrast, encodes an intriguing candidate for a bona fide C. elegans fusogen. The eff-1 gene is expressed shortly before cell fusion occurs in all epithelial types in which cells fuse. Similar to all known fusogens, EFF-1 is a single-pass transmembrane protein whose extracellular domain, as with many fusogenic viral glycoproteins, contains a hydrophobic fusogen-like peptide which could function in the mixing of bilayers to initiate fusion [4] . EFF-1 also has a region similar to active-site domains of phospholipase A 2 , motifs also associated with mammalian fertilization [4, 11] . This domain might alter membrane structure in a way that overcomes the activation energy barrier associated with bringing apposed charged lipid head groups together, thereby generating a fusioncompetent state.
Unlike the hemagglutinin and SNARE proteins, EFF-1 does not have a coiled-coil domain. Such a domain might not be essential for a mediator of epithelial cell fusion, as the membranes of such cells, which are in close proximity at the apical junctions, may be poised for fusion ( Figure 1B) . Fusion of epidermal cells in C. elegans begins with a single pore which forms at their apical junctions and progresses as the pore dilates outward via vesiculation [12] . The apical junction migrates basolaterally ahead of the expanding pore, suggesting that the junction may keep the fusing membranes in close apposition, which presumably facilitates the joining of the membranes ( Figure 1C) [12] .
The structure of EFF-1 suggests that it could conceivably fill a role in either of two current models for membrane fusion. In the proximity model, a fusogen, such as a SNARE, catalyzes fusion by bringing together the membranes and causing sufficient stress and distortion of the bilayers that they fuse ( Figure 1A ) [6] . SNAREs can catalyze fusion between liposomes, but this reaction occurs over minutes instead of the sub-millisecond times observed in vivo [6] . EFF-1 might accelerate an analogous reaction in cell fusion; for example the PLA 2 active site in EFF-1 might alter the local curvature of the membranes at the site of fusion, thereby facilitating bilayer mixing. In contrast, the pore model posits a protein bridge that initiates the mixing of apposed membranes [6] . EFF-1, which is produced in a subset of fusing cells, might be a component of such a structure.
In eff-1 mutants, no diffusion of soluble content between cells occurs and distinct membranes are maintained between cells that would normally fuse, indicating that such a pore does not stably form [4] . These observations imply that EFF-1 acts early in fusion. It is possible that EFF-1 might act by initiating fusion and membrane mixing; other mechanisms might then promote progressive membrane fusion. Such a possibility might be tested by initiating mixing of bilayers in an eff-1 mutant with a laser microbeam (for example [13] ) and assessing whether the eff-1 phenotype is suppressed, resulting in complete cell fusion. Regardless of its mechanism of action in fusion, EFF-1 may not be sufficient for fusion, as an eff-1 reporter is expressed in some cells that never fuse [4] .
The identification of eff-1 mutants makes it possible to address why an animal goes to the trouble of fusing epithelial cells at all, as a strong eff-1 mutation blocks all epidermal cell fusions. In fact, one of the striking features of eff-1 mutants is the lack of a striking phenotype, making it possible to rule out some postulated explanations for the occurrence of this process. For example, given that many of the non-fusing relatives of syncytial epidermal cells in C. elegans are blast cells which continue to divide during larval development, it was reasonable to suppose that fusion of cells per se might be responsible for their mitotic quiescence [14] . But this is not the case: none of the cells that fail to fuse in eff-1 mutants undergo extra cell division rounds after the time they would normally fuse [4] .
A primary function of cell fusion might be to reprogram the developmental fate of one or both of the fusing cells [14] . For example, when embryonic frog erythrocytes are fused to adult mouse erythroleukemia cells, the frog nuclei express adult globin genes, demonstrating the reprogramming of gene expression after fusion [15] . Similarly, during postnatal vertebrate muscle development, myoblasts expressing specific myosin heavy chains fuse with an existing myotube and become transformed to a myotube fate, causing them to express myotube-specific myosin heavy chains [16] . Drosophila myogenesis requires the fusion of the founder myoblast, which determines the type, size and orientation of muscle cells, with the [4] . After hatching, however, the eff-1 mutants become scrawny, uncoordinated and somewhat deformed, with an abnormal body size and shape [4] . These defects might be explained in part by the 'fusomorphogenesis' hypothesis, which proposes that cell shape change is driven by the redistribution of membrane domains during cell fusion followed by cytoskeletal rearrangements [18] . This mechanism, however, is clearly not a major driving force for normal embryonic morphogenesis of the animal, as it would predict severe defects during morphogenesis in the absence of cell fusions, which was not observed in the eff-1 mutant [4] . Another possible explanation for the abnormal body shape might be that specific cells that fuse impart information required for correct growth to the remaining nuclei in the syncytia.
Cell fusion might be a strategy for interrupting cell contacts or routes of migration, thereby preventing inappropriate signaling or other cellular interactions [4, 14] . In C. elegans, a signal from the somatic gonad instructs the overlying vulva precursor cells to adopt a vulval fate. Ectopic signaling can result in a multivulva phenotype [19] . Some eff-1 mutant hermaphrodites have additional pseudovulvae, possibly induced by inappropriate cell contacts between unfused epidermal cells, suggesting that fusion may isolate cells from signaling centers or eliminate the responsiveness of cells to such signals. During placental development, fusion prevents migration of cells during implantation of the blastocyst: the cytotrophoblastic cells form a polarized epithelium that later fuses, forming a syncytium [1] . Cytotrophoblastic cells that do not join the syncytium instead become non-polarized cells that migrate into the uterine lining. These highly invasive cells penetrate the syncytium only at select sites, suggesting that the syncytium limits their routes of migration.
While it is apparent that cells fuse for distinct reasons under different circumstances, a major theme underlying cell fusion during development may be the need to reprogram cells of distinct identity to that of common identity. While many nematodes contain syncytial epidermal organs, there are other nematodes whose epidermal cells do not fuse [18] , indicating that there are multiple strategies for building a tube of skin with three holes in it. In C. elegans, perhaps certain cells must fuse with the epidermal syncytia to provide size information to the cells lacking this information, allowing the epidermis to grow in a synchronized fashion in this rapidly developing creature. Cell fusion may also be a strategy for recruiting cells to a tissue whose particular properties it did not possess prior to fusion. In contrast to apoptosis, another process that sculpts the form of an animal, but which is intrinsically wasteful, cell fusion may be an efficient means of managing wayward cells during development.
